We prepared different types of aluminum-based coagulants, consisting of mainly monomeric aluminum species, polymeric aluminum species, or colloidal aluminum species, to investigate the effect of aluminum hydrolyte species on the removal of two types of human enteroviruses, poliovirus (PV) type 1 and the free-chlorine-resistant virus coxsackievirus (CV) B5, from lake and river water samples during the coagulation process. We found that differences in the distribution of the aluminum hydrolyte species in the coagulant affected the removal of these enteroviruses during coagulation: the removal ratios of PV and CV observed with polyaluminum chloride (PACl) with a high colloidal 2 aluminum content and a basicity of 2.1 (i.e., PACl-2.1c) were larger than those observed with high monomeric aluminum content coagulant (i.e., AlCl3 solution) and with high polymeric aluminum content coagulant PACl (PACl-2.1b). Unlike AlCl3 or PACl-2.1b, PACl-2.1c contains Al30 species, indicating that Al30 species probably play a major role in the removal of enteroviruses. The PV and CV removal ratios were almost identical, regardless of the coagulant type or viral quantification method used (plaque-forming unit method or real-time polymerase chain reaction method), suggesting that PV and CV behaved similarly during the coagulation process. We also experimentally confirmed that the main mechanism for virus removal was coprecipitation into growing aluminum hydroxide during charge neutralization; virus adsorption onto formed aluminum hydroxide flocs also contributed to virus removal, but played a limited role.
for 30 min. After this incubation, 20 mL of 1X EMEM was added to the flask, and then the flask was incubated at 37 °C in 5% CO2 for 2-3 days until 100% cytopathic effects of BGM cells were confirmed, at which point the viruses were harvested. Following incubation, viruses were released from the infected BGM cells by freezing at −83 °C and thawing at 37 °C, three times. The PV or CV culture solution was passed through a membrane filter (nominal pore size 0.2 m, hydrophilic cellulose acetate; Dismic-25cs, Toyo Roshi Kaisha, Ltd., Tokyo, Japan) to prepare the PV or CV stock solution. The filtrate was further purified by using a tangential-flow filtration cassette (nominal molecular weight cutoff 1,000,000, regenerated cellulose (RC); Pellicon XL, Millipore Corp.), and by using a centrifugal filter device (nominal molecular weight cutoff 100,000, RC; Amicon Ultra-15, Millipore Corp.) twice to ensure that only a minimal amount of DOC components from the culture medium was introduced into the virus-spiked source water (see Section 2.4). The concentrations of the purified PV and CV solutions were approximately 10
Coagulation experiments
Batch coagulation experiments were conducted with 300 mL of virus-spiked source water in square plastic beakers at 20 °C. The purified PV or CV solution (see Section 2.3) was added to the beaker at a concentration of approximately 10 3 PFU/mL (C0). Because the purified virus solution was diluted during spiking of the source water, virus addition contributed less than 0.2-0.3 mg/L of unintentional DOC carryover. After enough HCl or NaOH was added to the spiked water to bring the final pH to a target value of 6, 7, or 8, coagulant was injected into the water. Because the dosages used in the actual drinking water treatment plants for the treatments of Lake Imba-numa water (Kashiwai drinking water treatment plant, Chiba, Japan) and Toyohira River water (Moiwa drinking water treatment plant, Sapporo, Japan) were 2.70 and 1.08 mg-Al/L, respectively, on the day we sampled the source water, those coagulant dosages were used in the present study. The water was stirred rapidly for 1 min (G = , 20 rpm) with an impeller stirrer. The water was then left at rest for 60 min to allow the generated aluminum floc particles to settle. Supernatants were taken from the beaker after settling for quantification of the PV or CV concentration (Cs).
To investigate the importance of charge neutralization on virus removal during the coagulation process, 300 mL of source water without virus addition was coagulated rapidly for 1 min at pH 7, as described above. Following charge neutralization, the purified PV solution was added to the beaker at approximately 10 11 concentration (Cs). To assess virus adsorption onto preformed aluminum floc particles, 300 mL of source water without virus addition was coagulated rapidly for 1 min and then slowly for 10 min at pH 7, as described above, to generate aluminum floc particles. Following the formation of the aluminum floc particles, the purified PV solution was added to the beaker at approximately 10 3 PFU/mL (C0). The water was stirred slowly for 10 min and then left at rest for 60 min. Supernatants were taken from the beaker after settling for quantification of the PV concentration (Cs).
Enterovirus assay
Infectious PV or CV was quantified by use of a plaque assay. Approximately 90% confluent BGM cells in a 75 cm To investigate the influence of the type of aluminum hydrolyte species present in coagulants on virus removal, five aluminum-based coagulants containing different aluminum hydrolyte species were prepared and used in this study. Application of the ferron method showed that the major aluminum species in AlCl3 was a monomeric aluminum species (Ala) ( Table 2) ; 27 Al NMR spectroscopy confirmed that the major aluminum species in AlCl3 was monomeric because only two peaks, (the aluminum monomer peak at 0 ppm and the internal standard substance peak at 80 ppm) were observed in the AlCl3 spectrum ( Figure 1 ). In contrast, the major aluminum species in PACl-2.1b and PACl-2.4b was polymeric aluminum species (Alb) ( Table 2 ). Moreover, unlike AlCl3, these PACls contained Al13 species as shown by the central tetrahedral Al peak in the Al13 species at 63 ppm in the 27 Al NMR spectra of PACl-2.1b and PACl-2.4b ( Figure 1 ). In contrast, PACl-2.1c and PACl-2.4c contained a high proportion of colloidal aluminum species (Alc) ( Table 2) , and these PACls contained not only Al13 species but also Al30 species, which was not the case for PACl-2.1b and PACl-2.4b, because the broad peaks of the octahedral Al of the external shells in the Al13 and Al30 species at 10-12 ppm and the central tetrahedral Al in the Al30 species at 70 ppm were observed in the 27 Al NMR spectra of PACl-2.1c and PACl-2.4c, in addition to the peak of the Al13 species ( Figure 1 ). These results concur with those of other researchers who have reported that aluminum monomer can be classified as Ala, Al13 species can be classified as Alb, and Al30 species can be classified as Alc [1, 4, 7] .
Effect of aluminum species in coagulants on virus removal
The effect of aluminum species in the coagulants on the infectious PV removal ratio (log10[C0/Cs]) during the coagulation process was evaluated by using the PFU method after settling (Figure 2a) .
Because of the small size of PV, no PV removal (0.1-log10) was observed in the absence of coagulant at approximately pH 7. In contrast, the coagulation process removed infectious PV over the pH range of 6-8 no matter what type of coagulant was used. The addition of the coagulant destabilized the dispersion of the virus particles in the source water. The particles were then entrapped in or adsorbed onto the aluminum floc particles generated during coagulation, and then the floc particles with the entrapped or adsorbed viruses settled from suspension under the influence of gravity during the settling process. The removal ratios of the infectious PV depended on the coagulant type: whereas coagulation with AlCl3 and PACl-2.4b resulted in approximately 2-log10 removal over a pH range of 6-7, approximately 3-log10 removal was achieved with PACl-2.1b, PACl-2.1c, and PACl-2.4c. In addition, the removal ratios observed with PACl-2.1c were somewhat larger than those observed with the other aluminum-based coagulants, and approximately 2-log10 removal was obtained with PACl-2.1c even at pH 8. Taken together, these data indicate that the ability of the coagulants to remove infectious PV from virus-spiked lake water followed the order: PACl-2.1c > PACl-2.4c ≥ PACl-2.1b > PACl-2.4b = AlCl3. The removal ratios of total PV, evaluated by using the PCR method, were also observed to be somewhat larger with PACl-2.1c than those observed with the other aluminum-based coagulants tested (Figure 2b ). The ability of PACl-2.1c to remove infectious PV from virus-spiked river water was also higher than that of the other aluminum-based coagulants, in agreement with the result from the virus-spiked lake water experiments (Figure 3a) , although the removal ratios obtained with the lake water and the river water were different, due to differences in water quality (Table 1) .
Moreover, the total PV removal ratios were also found to be somewhat larger with PACl-2.1c than those with the other aluminum-based coagulants tested in the river water sample (Figure 3b ). These results indicate that differences in the distribution of the aluminum species in the coagulants affected virus removal performance during coagulation and that PACl-2.1c effectively removed PV, particularly at pH 6-7.
In the present study, similar removal ratios of PV were observed with AlCl3 and PACl-2.4b, even though the original compositions of the aluminum species in these coagulants were quite different ( Figure 4 , the analytical pH condition was approximately 4-5, these are the same data as those shown in Table 2 ). Because further transformation of aluminum species after coagulant dosing is known to occur, and the distribution of aluminum species depends largely on the original composition of the coagulants and the pH of the treated water [4, 25, 26] , we investigated the effect of pH on the transformation of the aluminum species after coagulant dosing across a pH range of 6-8 ( Figure 4 ).
The distribution of the aluminum species of the four PACls during coagulation tended to be maintained (i.e., the original composition of the aluminum species was retained): the Alb fraction, which represented a large proportion of PACl-2.1b and PACl-2.4b, and the Alc fraction, which represented a large proportion of PACl-2.1c and PACl-2.4c, were almost unchanged between the pH ranges of 4-5 and 6-8 (Figure 4) , although the Alc fraction, which represented a small proportion of PACl-2.1b and PACl-2.4b, was smaller when the pH was increased from 4-5 to 6. This result indicates that most of the original Alb and Alc content of the PACls was relatively stable over the pH range of 4-8, in agreement with previous studies [4, 26] . In contrast, the distribution of the aluminum species of AlCl3 changed markedly during coagulation compared with the original composition: the Ala fraction, which represented a large proportion of AlCl3 decreased and the Alb fraction increased when the pH was increased from 4-5 to 6-8 ( Figure 4 ). This result indicates that a large proportion of the original Ala content of AlCl3 transformed into Alb during coagulation, and that the formation of Alb in situ probably led to the similar removal ratios of PV that were observed with PACl-2.4b.
The removal ratios of PV observed with high Alc content PACls tended to be larger than those observed with high Alb content PACls (Figures 2 and 3) . Because PACl-2.1c and PACl-2.4c contained not only Al13 species but also Al30 species, which was not the case for PACl-2.1b and PACl-2.4b, we hypothesize that the Al30 species in PACl played a major role in PV removal during the coagulation process. These results, taken together with our previous findings [16] , suggest that Al30 species in aluminum-based coagulants are the important species to achieve efficient removal of not only bacteriophages but also human enteric viruses during the coagulation process. However, the removal ratios of PV observed with PACl-2.4c tended to be lower than those with PACl-2.1c (Figures 2 and 3) . This result suggests that the coagulation efficiency of virus during the coagulation process is not determined simply by the amount of Alc in the coagulant.
To elucidate why PACl-2.1c effectively removed PV, we used the colloid titration method to determine the positive colloid charges of the coagulants ( Figure 5 ). The colloid charge densities of AlCl3 were almost zero and constant, regardless of the aluminum concentration. In contrast, the colloid charge densities of the four PACls increased with increasing aluminum concentration.
However, we observed no large differences in the colloid charge densities of the PACls, whereas the removal ratios observed with PACl-2.1c were somewhat larger than those observed with the other aluminum-based coagulants, as described above. Therefore, the virus coagulation efficiency was not solely dependent on either the amount of Alc in the coagulant or the positive colloid charge of the coagulant. Ye et al. [12] recently reported that the amount of Al30 species in the coagulant increases with increasing basicity from 1.0 to 2.0, but decreases when the basicity increases from 2.0 to 2.5. Therefore, the difference in the amount of Al30 species between PACl-2.1c and PACl-2.4c due to the difference in basicity probably led to the difference in virus removal performance during coagulation.
Further investigation is needed to determine why the removal ratios of PV observed with PACl-2.4c tended to be lower than those with PACl-2.1c, even though the Alc content of PACl-2.4c was slightly higher than that of PACl-2.1c.
Comparison of PV and CV removal ratios during coagulation
As described above, PACl-2.1c removed PV more efficiently than did the other aluminum-based coagulants tested, especially at approximately pH 7. To confirm that PACl-2.1c actually removed viruses more effectively than did AlCl3 or PACl-2.1b, we also evaluated the removal ratios of a CV that has high resistance to free-chlorine disinfection relative to other human enteric viruses, including PV [21, 22] . We evaluated the CV removal ratios by using the PFU and PCR methods after settling during the coagulation process, and then compared the results with those for PV ( Figure 6 ). For both enteroviruses, the removal ratios observed with PACl-2.1c were larger than those observed with AlCl3 and PACl-2.1b at about pH 7: approximately 3-log10 removals were achieved with PACl-2.1c. This result indicates that coagulation with PACl-2.1c more effectively removes human enteroviruses, including a virus with high resistance to free-chlorine disinfection, relative to coagulation with AlCl3 and PACl-2.1b.
The removal ratios of infectious PV and CV as evaluated by use of the PFU method were almost identical during coagulation regardless of the coagulant type used (Figure 6 ). A similar trend was observed for the removal ratios of total PV and CV, as evaluated by using the PCR method. In contrast,
Mayer et al. [20] reported that the removal ratio of CV B6, evaluated by using the 50% tissue culture infectious dose (TCID50) method, was consistently larger than that of PV type 1 evaluated by the same method during enhanced coagulation with FeCl3: for example, the optimal enhanced 
